Manipulating the polarization of light on the micro/nano scale is essential for integrated photonics and quantum optical devices. Nowadays, metasurface allows building on-chip devices that may efficiently manipulate polarization states. However, it remains challenging to generate different types of polarization states simultaneously, which is required for encoding information for quantum computing and quantum cryptography applications. By introducing geometrical-scaling-induced (GSI) phase modulations, we demonstrate here that an assembly of circularly polarized (CP) and linearly polarized (LP) states can be simultaneously generated by a single metasurface made of L-shaped resonators with different geometrical sizes. Upon illumination, each resonator diffracts CP state with a certain GSI phase. The interaction of these diffractions leads to the desired output beams, where the polarization state and the propagation direction can be accurately tuned by selecting the geometrical shape, size and the spatial sequence of each resonator in the unit cell. This approach resolves a challenging problem in integrated optics and is inspiring for on-chip quantum information processing.
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As an intrinsic feature of electromagnetic waves, polarization has facilitated numerous applications in photonics and information technology [1] [2] [3] [4] . So far many methods have been employed to modulate the polarization state of light. The most common approach uses optical chirality, where the refractive index differs for the right-and the left-handed circular polarized (RCP and LCP) light [5] [6] [7] . Birefringence can also transform the polarization state of the incident light based on different phase velocities of two orthogonal components of the electric field [8] . However, these approaches are volumetric, so the device has to reach certain size in order to tune the polarization state, which is not favorable for integrated photonics. Recently people find that metasurface can effectively manipulate the polarization state of light [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . For circularly polarized (CP) incidence, a rotation-induced geometrical phase, known as Pancharatnam-Berry (P-B) phase, is generated by rotating the anisotropic building elements [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . Yet this phase modulation on LCP and RCP is strongly correlated. For example, when the angular rotation of the element is θ, the phase imposed on LCP is 2θ and that on RCP is -2θ [17] . Macroscopically, the beams with the opposite circular polarization are deflected by angles with the same value yet opposite sign if the imposed P-B phase on each building element possesses a linear gradient. If the building elements are arbitrarily selected, the imposed P-B phase does not possess a linear gradient anymore, hence the output beams become either all CP or all linearly polarized (LP). This intrinsic strong correlation of the output states prevents the P-B phase to generate an assembly of polarization states of different types [26, 29] .
However, the simultaneous generation of different polarization states is essential for information encoding and quantum cryptography [22, 23, 36, 37] . For example, the paradigm quantum key distribution protocol BB84 employs four from six polarization states (LCP, RCP, horizontal, vertical, +45
• , and −45
• LP, respectively) to constitute two bases [38] . The protocol relies on the quantum property that accessing information is only possible with the cost of disturbing the signal if the dealt states are non-orthogonal, and the non-orthogonal states cannot be cloned [39] . To meet the challenging needs of quantum information, people once proposed a jigsaw puzzle approach and combined six individual spatial regions featured with different P-B phases to generate four LP states and two CP states [30] . However, in addition to the technical issues of the uniformity of output beams and sample size, such a combination approach is not a real sense of integration.
Here we overcome these issues by developing a new strategy to design metasurface, where each element (resonator) of the metasurface diffracts either RCP or LCP state with an additional phase modulation determined by its geometry features. The interaction of these diffractions leads to the desired output beams, where the polarization state and the propagation direction can be accurately controlled by the geometrical shape, size and the spatial sequence of each resonator in the unit cell of the metasurface. In contrast to the rotation-induced P-B phase, here the add-up phase on each resonator depends on its geometrical shape and size, so it is a geometrical-scaling-induced (GSI) phase. We demonstrate that multiple beams with a different type of polarization states can be simultaneously generated from a single metasurface. Let us take Lshaped resonator as an example. The unit cell of the metasurface consists of an assembly of L-shaped resonators with different arm length and width, and their symmetrical isomers (mirror images), as that illustrated in Fig. 1 
2 (|H − |V )) can be simultaneously generated with any desired combination and propagation direction.
When a plane wave shines on a metasurface made of an array of unit cells (N 1 ×N 2 ), the maxima of the diffraction field E(k x , k y ) at a distant point S can be expressed as
where E(x, y) is the electric field over the unit cell, k x (k y ) is the x -(y-)component of the wave vector, r 0 is the distance from the center of metasurface to point S, D x (D y ) is the periodicity of the unit cells in x -(y-)direction, m, n are the diffraction orders in y-and x -directions, respectively [40] . Details are provided in the Supplementary Materials. Now we consider a unit cell with 8 L-shaped resonators. If the metasurface is so designed that D y < λ is satisfied, there will be no diffraction in the y-direction, i.e., m remains zero. So we can consider the contribution of the resonator assembly in the x -direction only. Let E Pj denote the diffraction field of each resonator (P j with j =1,2,...8) in the unit cell. It follows that the n th -order of the diffraction field of the metasurface is expressed as
(2) To generate multiple beams with desired CP and/or LP states, the amplitude and the phase of the diffracted light from each element in the unit cell should be elaborately designed. It is known that the L-shaped resonator generates CP states by tuning the time retardation (△t ) between the two arms of the L pattern [10, 11] . Most importantly, depending on the length and width of the arms of L pattern, a specific GSI phase (φ) is imposed on the generated CP state [41] . By taking the mirror image of the L pattern, CP state with the opposite handedness can be generated. Practically, we construct a pool of 16 resonators, 8 resonators make a set {S i } (S 1 , S 2 ,... S 8 ) generating |R ; the other 8 are the mirror structures of
) to generate |L , as illustrated in the lower panel of Fig. 1 . Upon illumination of an incident beam, GSI phase φ is added to each diffraction from the resonators. The range of φ for {S i } is designed to cover 0 to 2π with a step of π/4, the same applies for {S
To elucidate how the desired state is formed, we first select 8 elements all from {S i } (i=1,2,...8). Each element is so arranged spatially that a linear GSI phase gradient is established, as shown in Fig. 2(a) . According to Eq. (2), the polarization state of the 1 st diffraction order is
where a 1 is a parameter related to the wavelength and the periodicity in the x -direction. It is noteworthy that for the scenario of Fig. 2(a) , n =1 is the only diffraction beam coming out of the metasurface, which is a pure RCP state. Eq. (2) shows that if n takes a value other than 1, E(k n ) = 0 (n = 1). When the elements in the unit cell are all taken from {S ′ i } in a similar way, i.e., S 4 |L , respectively. n satisfies |n| ≤ Dx λ due to the restriction |sin θ x | ≤ 1, where θ x is the diffraction angle. Since the lattice distance in the x -direction is 700 nm, D x becomes 5600 nm. The incident wavelength is chosen as 1300 nm. It follows that |n| ≤ 4. Furthermore, it should be noted that in this structure, once n is even, the electric field diffracted from the elements D x /2 apart (i.e., P j and P j+4 , with j =1, 2, 3, 4) possesses a phase difference of π. So their sum-up electric field vanishes. Therefore the observable n can only be ±1, ±3. In Eq. (2), by setting n=1, the polarization state of the 1 st order diffraction is By selecting the geometrical shape, size and spatial sequence of each resonator in the unit cell, as well as the lattice distance in the x -direction, we can obtain any type of polarization state propagating in the desired direction. As illustrated in Fig. 2(c) , if the unit cell is made of S 8 , To experimentally verify our design shown in Figs. 2(b)-2(c) , we fabricate the arrays of L-shaped resonator assembly, as shown in Fig. 3(a) and Fig. 4(a) , respectively. A supercontinuum laser and a Glan-Taylor polarizer are used to generate the LP incident beam. The propagation direction of each diffraction beam satisfies • -polarization (−3 rd order).
sin θ x = n Dx λ. An angular-resolved detector measures the diffraction intensity. To identify the polarization state of each diffracted beam, an achromatic quarter wave plate and/or a polarizer are installed in front of the detector (see Supplementary Material for details). The angle-resolved diffraction spectra are illustrated in Fig. 3(b) and Fig. 4(b) , where the detection angle covers from −60
• to −12
• and 12
• to 60
• . The region between the white dash lines cannot be detected due to the technical restriction of the reflection mode. Experimentally we define a parameter, the light intensity ratio, to characterize the purity of each generated state. For the LP beam, the light intensity ratio is defined as the ratio of the intensity of the investigated beam and the intensity detected with the orthogonal polarization; For the CP beam, it is defined as the ratio of the intensity of the investigated beam and that with the conjugated CP. Theoretically, this ratio should be infinity for pure CP/LP state. Yet experimentally the conjugated polarization state does not vanish completely. So this ratio usually ends up with a large value. The large ratio suggests that each resonator in the unit cell contributes more accurate phase and amplitude, so the interaction of all the diffracted light leads to the beams with the desired polarization states.
For the sample shown in Fig. 3(a) , four diffraction beams, from left to right, correspond to 3 rd , 1 st , −1 st , and −3 rd order of diffraction ( Fig. 3(b) ). To characterize the diffraction efficiency, we define the normalized beam intensity as the ratio of the intensity of the diffracted beam and that of the incident beam, as shown in Fig. 3(c) . In the wavelength range of 1200-1350 nm, the normalized intensity of each diffraction beam is higher than 10%, and the total normalized intensity of diffraction beams is higher than 50%. In particular, at 1300 nm the intensity of each diffraction order is higher than 12% and the total normalized diffraction intensity reaches 65%. Figure 3(d) shows the light intensity ratio of the four beams. It can be seen that the intensity ratio of each beam is larger than 10 for the wavelength between 1200 nm to 1275 nm, and the maximum reaches 168 at 1260 nm. Figure 3D confirms that the polarization states of the output beams are in agreement with theoretical expectations.
To generate two CP and two LP beams, we fabricate the structures shown in Fig. 2(c) . The SEM micrograph of the structure is presented in Fig. 4(a) , one can identify that the resonators in the unit cell are Fig. 4(b) indicates that four diffraction beams are simultaneously generated, and the normalized beam intensity is shown in Fig. 4(c) . Within the wavelength range of 1200-1325 nm, the normalized intensity of each diffracted beam is higher than 8%, and the total normalized intensity in these four directions is larger than 58%. At 1275 nm, the intensity of each diffraction beam is higher than 16%, and the total normalized intensity reaches 68%. The light intensity ratio of these four beams is presented in Fig. 4(d) , which is always higher than 10 in the wavelength range 1210-1300 nm, and the maximum reaches 76 at 1225 nm. We should emphasize that the number of diffraction beams and the propagation direction of these beams can be accurately modulated. The number of the diffraction beams is decided essentially by the diffraction order n, which depends on the ratio of the periodicity of the unit cell in the x -direction D x and the wavelength λ. The propagation direction of each light beam is associated with the diffraction order. As we discussed earlier, n satisfies |n| ≤ Dx λ . For the scenario 3λ < D x < 5λ, n=±1, ±3 can be diffracted from the metasurface to four different directions (Figs. 3-4) . However, if λ < D x < 3λ, |n| < 3. This means that only two beams with ±1 st diffraction order can be generated. Therefore, by tuning D x /λ, the number of diffraction beams and the diffraction orientation of each beam can be controlled.
Once the resonators in the unit cell have been selected, the sequence of these resonators determines which polarization state comes out from certain diffraction order. Let us take the unit cell (S 8 ,
as an example, which contains the same group of resonators as that shown in Fig. 4(a) . The assembly of these resonators has totally 40320 (A 8 8 ) combination scenarios. Considering the scenario that the electric field diffracted from the elements D x /2 apart (i.e., P j and P j+4 , with j =1, 2, 3, 4) possesses a phase difference of π, the sum-up electric field of even and the 0 th diffraction order vanishes. Therefore, the observable diffraction order n can only be ±1, ±3, and the number of combinations is accordingly reduced to 384 (C • -LP, LCP, and +45
• -LP, corresponding to the diffraction order -3, -1, +1, and +3, respectively. If, however, the sequence becomes S 8 , S 1 , S ′ 6 , S ′ 3 , S 4 , S 5 , S ′ 2 , S ′ 7 , the output states turn out to be LCP, +45
• -LP, RCP, and −45
• -LP instead. More examples are provided in Table S3 in Supplementary Materials. Encoding, transmission, and processing of information are important issues in quantum information science [42, 43] . As the basic unit of quantum information processing, qubit gate can be constructed with polarizing beam splitters, phase shifters, and waveplates, etc., which are bulky and heavy if the conventional optical devices are applied [43] . Developing new principle optical devices on the micro/nanoscale is essential for future integrated photonics and information technology. The approach demonstrated in this report provides a promising solution, which allows simultaneous generating arbitrary combination of CP and LP states. By judiciously selecting the geometrical size and the symmetry of each resonator in the unit cell and by carefully designing the lattice parameter, we are able to accurately control the output polarization states, the number of output beams, and the propagation direction of each beam. In contrast to the P-B phase modulation, which either generates pairs of RCP and LCP states, or LP states with the same polarization, our approach breaks the limitation and correlation on the type of polarization states in the output beams. This approach provides new perspectives in generating an arbitrary assembly of polarization states with high integration and hence is enlightening in constructing quantum states [23] , realizing quantum entanglement [22] and qubit gates [42] , and developing quantum cryptography [36, 38] .
